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DECLARATION OF MARK H- TUSZYNSKI, M.D. 



I, Dr. Mark H. Tuszynski, declare as follows: 

1, I am a Professor of Neurosciences and Director of the Center for Neural Repair at the 
University of California, San Diego (UCSD). I practice medicine as an attending 
neurologist at the UCSD and VA Medical Centers in La Jolla, California, and as the 
lead neurologist in ongoing clinical trials for treatment of Alzheimer's Disease (AD) 
using gene therapy in humans. I am also an inventor of the invention claimed in this US 
Patent Application Serial No. 09/060,543 (methods for in vivo gene therapy of 
neurodegenerative conditions), and in U.S. Patent No, 6,167,888 (claiming methods for 
ex vivo gene therapy of neurodegenerative conditions), 



Background 

2. The in vivo gene therapy method which is the subject of the present patent application 
has been tested in non-human primates and rodents, in preparation for human clinical 
studies to begin later this year. The ex vivo method which is the subject of the '888 
patent is already being used in clinical trials, for treatment of AD. 
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5. 



Effective gene therapy generally requires that a therapeutic gene product be expressed 
in target cells at levels, and for a duration, sufficient to provide a therapeutic benefit, 
without harmful immune responses to the delivery vehicle or gene product. In gene 
therapy of neurodegenerative disease, the goal is not gene replacement, nor is it 
permanently active expression of a therapeutic neurotrophin in the brain. Instead, 
relatively transient expression of neurotrophins can be sufficient to stimulate neuronal 
growth to a therapeutically significant degree. Thus, the eventual loss of expression 
(whether through immune processes, loss of promoter activity or other causes) is of less 
concern in the invention than in other therapeutic contexts. 

Further, in the relatively immune-protected environment of the brain, immune responses 
to exogenous material are typically muted. In this respect, our findings are consistent 
with recent evidence indicating that viral vectors elicit only transient inflammation, if 
any, when inserted directly into brain parenchyma (as is done in the invention), versus 
entry by other means of delivery into the brain (e.g., infusion), 

Overview of Data 

We have used adeno-associated viral vectors to deliver neurotrophins by in vivo and ex 
vivo methods into the brains of humans, and have tested lentiviral vectors to the same 
ends in non-human primates.' With particular respect to the in vivo work that is the 
subject of this patent application, we utilized aged monkeys which model 
neurodegeneration experienced in Parkinson's Disease (PD) or Alzheimer's Disease 
(AD). Animals modeling PD were treated with lenti-glial derived neurotrophic factor 
(GDNF), with lenti-B-galactosidase (GAL) serving as a control Animals modeling AD 
were treated with lenti-nerve growth factor (NGF), with lenti-enhanced green 
fluorescent protein (eGFP) serving as a control 

In these experiments, we achieved expression of neurotrophin in targeted neurons at a 
level, and for a duration, believed to be sufficient for our therapeutic goals. Indeed, as 
many as >90% of targeted neurons can be efficiently transduced using the method of the 
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invention, a visible demonstration of which is provided in enclosed Declaration Figure 
1 (Dec.Fig. 1). In the Figure, GFP labeled treated neurons (using antibodies to glial 
filament protein (GFAP) or NeuN neuronal nuclear protein) show bright green if 
infected by the vectors employed in our experiments (a few such neurons are 
highlighted with arrows in each of the three photographs included in Dec. Fig- 1), 
Further, neither significant anti-vector immune responses nor cytotoxicity have been 
experienced in treated animals or people. 

7. Representative data in these respects (not including confidential data from the human 
clinical trials) is provided in the present patent application, at page 7 and page 20 
(Example Ef); in co-pending U.S. patent application 10/032,952; and in this Declaration. 

PD Animal Models: Protocol. Expression and Lack of Immune Response 

8, In the PD animal models, treatment with GDNF according to the invention stimulated 
increased production of dopamine in the brain (a critical protein for mitigation of PD), 
increased neuronal density around treated areas and, most significantly, resulted in 
improved motor function as measured by several criteria in treated animals. 



9. More specifically, each monkey received six stereotaxic injections of lenti- Gal or lenti- 
GDNF bilaterally into the caudate nucleus, putamen, and substantia nigra. Injections 
were made into the head of the caudate nucleus (10 |il), body of the caudate nucleus (5 
Hi), anterior putamen (10 commissural putamen (10 ^il), postcommissural putamen 
(5 fil), and substantia nigra (5 jU). Injections were made through a 10-p.l Hamilton 
syringe connected to a pump at a rate of 0.5 ^il/min. 

10. The left side was injected 6 weeks before the right. During the first surgical session, 
there was a technical failure with the virus aggregating in the needle, which prevented 
its injection into the braiit Thus, the left side served as an additional control for the 
right side. Postmortem, all GDNF injections were localized to the caudate nucleus, 
putamen, and supranigral regions, as revealed by standard staining procedures. 
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Expression levels of the neurotrophin were confirmed by in vitro measurement of 
immunoreactivity with antibody in post-mortem tissue sections. All aged monkeys 
receiving lenti-GDNF displayed robust GDNF immunoreactivity within the right 
striatum (Dec.Fig. 2A) and substantia nigra (DecJFig, 2C), indicating expression and 
secretion of the neurotrophin had occurred. No monkeys receiving lenti-B-Gal 
displayed specific GDNF immunoreactivity in the right striatum (Dec.Fig, 2B), but each 
did display robust expression of fi-Gal. No immune staining for antibodies against the 
lentiviral vector itself was observed. 

Sections from all monkeys were stained for CD4S, CD3> and CDS markers to assess the 
immune response after lentiviral vector injection These antibodies are markers for 
activated microglia, T cells, and leukocytes including lymphocytes, monocytes, 
granulocytes, eosinophils, and thymocytes. Staining for these immune markers was 
-weak, and often absent, in these animals. Mild staining for CD45 and CD8 was seen in 
two animals. Other monkeys displayed virtually no immunoreactivity even in sections 
containing needle tracts. 

Expression of GDNF in treated animals persisted for a relatively long duration, 
sufficient to stimulate the neuronal growth sought in the invention. GDNF-contaming 
fibers emanating from putaminal injection sites were seen coursing medially toward and 
into the globus pallidus (DecFig. 2D). These staining patterns were clearly distinct 
from the injection site and respected the boundaries of the striatal target structures. In 
contrast, anterograde transport of B-Gal was not observed in lentU Gal monkeys. This 
suggests that secreted GDNF 7 and not the vims per se, was anterogradely transported. 
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Neurotrophzn-induced improvements in motor function and neuronal density 

in PD animal models 

14. In response to the therapy, dopamine levels in GDNF treated animals increased 
significantly. Aged monkeys underwent fluorodopa (FD) positron emission tomography 
(PET) before surgery and again just before being killed Before treatment, all monkeys 
displayed symmetrical FD uptake in the caudate and putamen bilaterally (ratio: 1,02 ± 
0.02). Three of four lenti-GDNF-treated monkeys displayed clear increases in FD 
uptake on the treated side. Within the striatum, lentiviral delivery of GDNF increased a 
number of maikers of dopaminergic function. For example, relative to control animals, 
measurement of dopamine <DA) and homovanillic acid (HVA) revealed significant 
increases in the right caudate nucleus (140% DA, P < 0.001; 207% HVA, P < 0.001) 
and putamen (47.2% DA, P < 0.05; 128% HVA, P < 0.01) in lenti-GDNF-treated aged 
monkeys. 

15. Neuronal density (growth) in treated animals also increased significantly. Stereological 
counts revealed an 85% increase in the number of TH-immunoreactivc nigral neurons 
on the side receiving lentivirally delivered GDNF relative to control animals. Further, a 
35% increase in neuronal volume was seen on the GDNF-trcated side of the brain in 
lenti-GDNF-injected aged monkeys (lenti- Gal 10,707,5 ± 333 nm3; lenti-GDNF 
16,653.7 ± 1240 \ixn3; P < 0.001). 

16. Perhaps most significantly, an improvement in function was observed on treatment of 
animals using a second model of neurodegenerative changes similar to those occurring 
in PD. la these experiments, young adult monkeys received unilateral intracarotid 
injections of l-methyM-phenyH^^^tetrahydropyridine (MPTP) to induce extensive 
nigrostriatal degeneration, resulting in a behavioral syndrome characterized by robust 
motor deficits. 
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17. 20 young adult rhesus were initially trained 3 days per week until asymptotic 
performance was achieved on a hand-reach task in which the time to pick up food treats 
out of recessed wells was measured, Each experimental day, monkeys received 10 trials 
per hand. Once per week, monkeys were also evaluated on a modified parkinsonian 
clinical rating scale (CRS). All monkeys then received an injection of 3 mg MPTP-HCl 
into the right carotid artery, initiating a parkinsonian state. 

18. One week later, monkeys were evaluated on the CRS. Only monkeys displaying severe 
hemiparkinsonism with the classic crooked arm posture and dragging leg on the- left side 
continued in the study (n = 10). Monkeys with this behavioral phenotype generally 
display the most severe lesions neuroanatomically and do not display spontaneous 
recovery behaviorally. 

19. On the basis of CRS scores, monkeys were matched into two groups of five monkeys, 
which received on that day lenti-fl-Gal or lenti-GDNF treatment. Using magnetic 
resonance imaging (MRI) guidance, all monkeys were given lentivinis injections into 
the caudate nucleus (n = 2), putamen (n = 3), and substantia nigra (n m 1) on the right 
side using the same injection parameters as in experiment 1 . One week later, monkeys 
began retesting on the hand-reach task three times per week for 3 weeks per month. 

20. For statistical analyses, the times for an individual week were combined into a single 
score,. During the weeks of hand-reach testing, monkeys were also scored once per week 
on the CRS. Individuals blinded to the experimental treatment performed all behavioral 
assessments. Statistically significant differences between lcnti-GDNF and lenU-0-Gal 
were discerned at post-treatment observations 6, 7, 8, and 9 (Kolmogorov-Smirnov test, 
P < 0.04 for each comparison), 

21. Lenti-GDNF-treated animals also improved performance on the operant hand-reach 
task, Under the conditions before MPTP administration, animals in both groups 
performed this task with similar speed However, after MPTP, all lenti-fi-Gal-treated 
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animals were severely impaired, with monkeys often not performing at all, or requiring 
more than the maximally allowed 30 s. In contrast, three of the four lenti-GDNF 
monkeys performed the task with the left hand at near-normal levels, whereas one lenti- 
GDNF-treated monkey was impaired and performed this task in a manner similar to the 
lenti-B-Gal-treated animals. 

AD Animal Models: Protocol, Expression and Lack of Immune Response 

22. In the AD animal models,, treatment with NGF according to the invention increased 
neuronal density around treated areas and, most significantly, resulted in improved 
cognitive function as measured by several criteria in treated animals. 

23. An animal model that mimics loss of cholinergic neurons in AD is transection of the 
fornix pathway connecting the septum from the hippocampus. Such transections cause 
retrograde degeneration of cholinergic and non-cholinergic cell bodies in the septal 
nucleus of rats and primates. 7 rats underwent fornix transaction, and an equal number 
of animals were utilized as controls. 

24. Treatment protocols were followed, and responses to treatment evaluated, as describ d 
above with respect to the GDNF treated animals, except that treatment focused on th 
Ch4 region of the forebrain, a principal region of impairment in AD, Two injection sites 
were chosen per hemisphere. The vector dosage concentration (both of NGF expressing 
vectors for treatment, and GFP expressing vectors for controls) applied was 1.5 pJ/site, 
delivered over an interval of 5 minutes. Animals were sacrificed, and tissue analyzed, 3 
weeks after treatment. 

Neurotrophin-induced improvements in motor function and neuronal density 

in AD animal models 

25. As visually apparent from Dec.Fig, 1, neurons in the treated regions displayed vigorous 
GFP immunoreactivity in histology, indicating extensive transfection of target cells by 
the NGF expressing vectors. Neither cytotoxicity nor an immune response to the vector 
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constructs (using CD3 and CD8 as markers) was observed (CD3: Dec.Fig. 3A-C; and 
CD8: Dec.Fig.3D), 

26. As shown in Dec.Figs. 4-6, neuronal density (as measured by number [DeaFigs. 4 and 
6], and size [Dec. Figs. 5 and 6] of neurons) in treated animals increased significantly, 
approaching near normal levels (compare, e.g., Dec.Fig. 6C and B showing density 
measured in, respectively, young and NGF treated animals, versus aged control animals 
pec Jig. 6A]). 

27. Moreover, the growth was associated with increased expression of the p75 receptor 
Expression of p75 is regulated by NGF, so that a loss of NGF signalling further reduces 
the amount of p75 present in the brain, which may contribute to a decline in retrograde 
NGF. signalling. 

28. There were significantly fewer p75-labeled neurons in Ch4 from untreated aged rats 
than in untreated young rats (p<0.01). However, on treatment of the aged animals, the 
mean number of p75-labeled Ch4i neurons from NGF- grafted aged rats increased to a 
level not significantly different from numbers observed in the untreated young animals, ' 
See, Dec.Fig. 4. 

29. The increases in neuronal density observed were of cholinergic neurons-those lost in 
AD. See, Dec.Fig. 7, These results demonstrate that cholinergic neurons in the rat 
brain can be rescued from loss through intraparenchymal delivery of NGF using the 
method of this invention. 

Conclusion 

30. From all of the foregoing results, as well as those outlined in the patent application, one 
can reasonably predict that the method of the invention may be successfully and 
effectively practiced in humans, to produce a therapeutic response to neurotrophic 
delivered for expression from vector constructs. 
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31. I hereby declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further, that 
these statements are made with the knowledge that willful false statements arc so made 
punishable by fine or , imprisonment, or both, under Section 101 of Title 18 of the 
United States Code and that such willful folae statements may jeopardize the validity of 
the application or nay patent issuing thereon. 




Dated 
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The Immunogenitity of Intracerebral Virus Infection 
Depends on Anatomical Site 

P. G. STEVENSON, -3 S. HAWKE^t D. J. SLOAN, 2 and CRM. BANGHAM 1 * 

Nuffield Department of Medicine* and Nuffield Department of Surgery* 
John RadcUfe Hospital, Oxford 0X3 9DV, United Kingdom 

Received 29 July 1995/Accepted 24 September 1996 

The brain parenchyma affords immune privilege to tissue grafts, but it is not known whether the same Is true 
for Intracerebral viral Infections. Using stereotacticslly guided microinjection, we have confined infection with 
influent* virus A/NT/60/68 to either the brain parenchyma or the cerebrospinal fluid (CSF). A/NT/60/6S 
infection in the CSf elicited a comparable immune response to intranasal Infection, with the production of 
antiviral serum antibody, primjng of antiviral cytotoxic T<*U precursors, and ft* antiviral proliferative . 
response in the draining lymph nodes, The response to virus In the CSF was detectable sooner after inoculation 
than the response to intranasal virus and also involved a prolonged production of virus-specific immunoglob- 
ulin A in the CSF. In contrast, there was no detectable immune response to vims infection In the brain 
parenchyma by any of the parameters measured for at least 10 days after Inoculation. Qyer. the next &0 days, 
46% of the mice given parenchymal virus developed low-level immune responses that did not Involve CSF 
antibody production* while the remaining S4% had no detectable response at any tune. Thus, a virus Infection 
confined to the parenchymal substance of the brain primed the immune system inefficiently or not at all. 



An immunological difference between the brain and other 
anatomical sites was first demonstrated by intracerebral 
transplantation (3). Allogeneic skin or neural grafts that are 
rejected in conventional extracerebral sites survive in the 
brain, although the rejection of an intracerebral graft can be 
Triggered by rejection of an equivalent extracerebral graft,. 
Thus, there is a lack of immune priming by intracerebral 
grafts rather than a resistance to primed immune effectors. 
There arc regional differences in the degree of intracerebral 
immune privilege; high degrees of major histocompatibility 
complex mismatch between donor and recipient lend to a 
chronic, low-pade rejection of grafts in the cerebral ventricles 
but not of those in the brain parenchyma (22). 

Intracerebral immune privilege is not due to a lack of lym- 
phatic drainage from the brain (6). Despite the absence of 

Specialized lymphatic vessels, (here is an efficient functional 
irainage from the cerebrospinal fluid (CSF) to the deep cer- 
vical lymph nodes via the nasal submucosa (2). Extracellu- 
lar fluid from the brain parenchyma also reaches the nasal 
submucosal lymph atics, either through the CSF or along peri- 
vascular sheaths (5). Consistent w«h this lymphatic drainage, 
intracerebral inoculation gives a greater scrum antibody re* 
sponse than extracerebral inoculation for a variety of inert 
antigens, including a bacterial toxin (17), xenogenio erythro- 
cytes (17, IB, 28), and xenogenic albumin (9. 11, 18). Xeno- 
genic albumin in the brain parenchyma elicits a delayed and 
diminished immune response compared to the same antigen in 
the CSF but still a greater response than in extracerebral sites 
(9)- 

However, it is difficult to extrapolate from proteins eryth- 
rocytes, or tissue grates to infectious pathogens; differences in 
the size, availability for degradation, and capacity for cell bind- 
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ing of antigens are all important considerations in their immu- 
nogenicity. Of particular relevance to immune evasion by in- 
tracerebral viruses is the lack of resident dendritic cells in the 
brain parenchyma (12), since they play a key role in initiating 
immune responses to cell-associated antigens in other organs 
(23). Many common viruses can infect the central nervous 
system and cause disease, but the importance of the site of 
intracerebral infection to any immune response elicited re- 
mains unknown. 

Influenza virus, apart from being a common respiratory 
pathogen, has been associated epidemio Logically with ncuro 
psychiatic disease in humans (19, 29), and the avian influenza 
virus strains remain an ever-present potential source of new 
neurovirulent epidemics (14, 27). Nonneurovirulent influenza 
viruses such as ATO760/68 infect cells in the mouse brain and 
produce viral proteins but undergo only a single abortive rep- 
lication cycle (21) and thus remain confined to the site of 
inoculation (7). They thus provide a suitable tool with which to 
explore regional differences in the immimogeniciry of intrace- 
rebral virus infections. 

Large-volume intracerebral inoculations are not contained 
within a precise anatomical site and leak out of the brain 
parenchyma into the CSF and bloodstream (4, It3). Such inoc- 
ulations may force antigens into extracerebral sites by pres- 
sure-dependent routes that do not contribute to normal lym- 
phatic drainage. We have used stereotactic guidance and an 
injection volume of 0.5 |xl to confine infection with influenza 
virus A/NT/60/68 to either the lateral cerebral ventricle (CSF) 
or the anterior caudoputamen (brain parenchyma). Thus, we 
have been able to determine how the intracerebral location of 
a virus infection may influence its capaciry to avoid immune 
priming. 

Materials and methods 

Mice C57BU10 mice wen frrtd ac Harhn IMC Ltd. (Biceitef. Itoitad Kin*- 
dom) and kepi under tuitdud Home Offlcfe-tepfovod conditioni *l the Bioraod- 
icil Services Uni; John fcaddife HwpiuL OjUotI United Kingdom, lnux*- 
refaril icjoctiom were performed oo 6- to 10-^eek-old mice, matched for t|c end 
tcx within e»ch experiment Theae waj no differ*** in otpflraicntel outcome 
between mole* tad fomalei or aot-u th* ap rwjt vied. 
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Vlnuis. loAuonu vim A/NT/ WAS was obtained from A. R. DougJeS (Na« 
tion»l tnsdtu te for Medical Research, London, Uoitod Kingdom) and was rrp*n 
tn 10- lo 12-day-old embryonated ben egg*. Tto vim uW id iotoctioui allantoic 
fluid was measured by aejluttoaiioj) oi chicken erythrocytes ind by plaque assay 
on MDCK ceJls (1). The seme itock allantoic luid wu used tor all experimentx. 
with aliquoa kept u -80*C lad thawed only once befote beteg discarded. Tht 
standard 0.5-u) inoculum or ntax wfecnovl allantoic fluid cootained 5 bemag. 
glutiruuion units (HAU), 5 x 10* PFU, and 5 x \& electron microscopic viral 
particle*. 

Virus adaniniscreUou. Intracerebral injection* were performed with the mice 
imaaobflbed in a iteTeotacrfc frame *ich the tooth bar at a level 3 mm below the 
iuletiursi Una. The injection coordinatea relative to bregma, confirmed by hia- 
iO logical inspection, were posterior 0.5 mm, lateral 0.8 mm, and depth 1.1 mm fox 
vcoiricwlK isnjcction* and anterior 1.0 mm, lateral 12S mm, and depth IS mm 
for parenchymal injections. Mice were anejtberJzed for the procedure with Hyp- 
norm (fcntenyVniiaiUkOfte; Jlnsaea PbavmaceurJcala, Wantage, United King- 
dom) and Hvpnovd (rnldajotew Roche, Welwyn Gardes Qty, Umted KJng. 
dom). A hole was mode in the skull by using a dentist's drill, and the varus 
suspensioo waa Injected Howry by using a 265-gauge poalUve-dUplacameei Ham- 
ilton syringe. Tbe skin *m jq lured afier a flow withdrawal of the needle, and all 
mica made an uneventful recovery. Intracerebral A/NT/fia^ infection In either 
site was not assotiftied with significant clinical Junes*. Intranasal influenza viiua 
edmiaislcrcd under brief other anesthesia In a volume of 30 ul 

Antibody ways. Serum and C$F antUA/NT/tiQtfS antibody titers were deter, 
mined by eaayiue-liak*4 \nununosorbeot aiiay (EUSA). InQuonte vifuS was 
oonceninted from in/eciious allantoie fluid by Sucrose density gradient ceotrif- 
ugalion (1) and coated overnight (<00 ng/vcll) at 4*C onto 96-well Nunc for/sorb 
immwiopjeici (Life Technologies, Paisley, United Kingdom.) la sodium bicar. 
bonate ($0 mM. pH e 7)«afeoeyl (0.025%) bufer. Coaiad platae were washed 
four times with 0.05ft Twcen (a double<distfnad H 2 Oy and oonspenne protein 
binding was blocked by incite ton for 20 min with 2% bovine scrum albumin in 
phosphatfl-budcTtd saiioc-Twccn (Cl0i%)-EDTA (1 mM). Alter two further 
washes, dupucatc fivefold serum dimticni (100 pi/well) were incubiied for 1 h at 
room temperature followed by nv« washes, Ail serum dilutions started at 1/30 
and all CSF dilutions tuned at 1/200 unless otherwise stated, The secondary 
antibody conjugate wai then Incubated for 1 h at room lerapcraiurc followed by 
a further Ave washes. The secondary antibodies used were as follow*: ro(»J 
xziKnaotfobulln Q (tyG), borsemdish peroxidase <HRf)<Oupled mot anli- 
aaouM Fey ($ifma Chemical Co, Poole, United Kingdom): IgM, HHP -coupled 
goat an U -mo use Feu. (Sigma); and IgA HUP-covpled goat anU-mousc Fca 
(Sigma). ^Senylcrcdiaamnc daydrocMoridc <1 roc/mh Sigma) In titraia-pho*- 
phale buffer (0.1 M, pH 5 J) was used as the MRP substrate, the reaction waa 
terminated with 3 M HQ, snd the Optical density (QD) was read II 492 dul 
Standard femur* and niive sera were included on each plate to allow compar- 
ison on a plot o! OD versul log M (conccntietion). Titers were Ukuleted relative 
to Ibc immune rmdard tor an equivalent OD reading, with mis standard a*, 
aigned an arbatory number of dies units for each immunoglobulin dm, chosen 
such that the background OD wfctt 1/30 naive mouse serum was equivalent to a 
titer of I U. Logi 9 liters were compared staliaricatly by paired j lesv 

Neutralizing antiviral antibodies were measured by btrod|gluluutio« inhibi- 
tion (HAl) assay (1). Twofold triplicate scrum dilutions were made from to 
initial V5 conccntraiiod aod were incubated for 30 mm ni room temperature with 
5 HaU of M*V6fr6S virus. Chicken erythrocytes (Scrotec, Kidlingtce, United 
Kingdom) were thee added (0.5ft, Anal eonnentretiOfi), and the presence or 
absence of aggJulincuoo was scored after a further 30 min. The HAl titer was 
taken as the reciprocal or (he last, dilution inbibituig erythrocyte agglutination by 
the virus in al least iwo of three wells. 

Cyuteaie T4ympboeyta (CTL) rtflimulaUen. Spleens were aseniiceib/ re- 
moved, pooled (rom pairs of mice, and d&upicd into aingle-ccll luapeosioos. 
Karve syngeneic ieedcr ipleaa cells were incubated for 1 b at 37*C M 200 HAU 
of inauenza virus A/NT/6Q/6n per 10* celts id B.PMI (Life Tccboolopes). irra- 
diaied (20 Gy), snd waOied twice in RPMl supplemented with 50 u>M 2-raer- 
capioethanol, 60 Kg of penicillin per ml, )00 tH of alrvpromycisi per ml, 2 mM 
gluukmine> and 10% fetal eaJf serum (PCS' dobepharm, Esher, United Kmg. 
dom) (compleie medium). Respondcr spleen cells (lO'/ml) and feeder spleen 
cells (3 .* IfZ/ml) were cultured for 3 days at *7*C with 5% OQ» in \S ml of 
compteie medium before lestins; of cytotoxicity 

CIX assay. EL-4 target cells were labeled with (100 pO: Amer- 
Sham Internationsl, AmerSbam, United Kingdom) (or \ b at 3TC washed once, 
and thea ineubited with medium alono, pulsed with tbe W-20*-rejlric\ed tomu. 
nooominas\ influenza virus nucleoproteln peptide (l >iM A$NENt4DAM, 
kindly provided by N. Groome. Oxford Brookes Unrversuy, Oxford, United 
Kingdom) (25), or Infected with A/NT/Kyfifl vin4 (500 KAU/lO* ceUs). Aller 1 h 
at 3?"C the tatgeta were waahed twice in ooenolclc sncdium and incubaxed (lO r 
CL-4 celhvwell) with effector cells lor 4 h before harvesting of supernatant! for 
scintillation cwjodog. Taraeu with effecloft were measured in duplicate, and 
target controls with Tnlcn or medium alone were measured in quadrupbcnic. 
The percent specific lysis was calculated as 100 X (release by CTL - release by 
targets alOocy(rcleese by Triton - release by targets alone). The "Cr released 
win medium aione was 5 to 15% of that related by Triton. 

Proliferation assay. Lymph nodes were osepricnuy removed, pooled from pain 
of mice, *ad dwrupted into single suspensions. Wymph node cells (2 x 10 s ) 
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FIG. I. Eariy serum and-A/NT^6(V68 antibody responses after Inumaanl, 
parenchymal or ventricular virus Inoculation. Intranasal or ventricular but not 
parenchymal vines inoculations led 10, tbe production of specific servni sntibody. 
Means and standlrd errors of 12 mice per time point from sour trials are shown 
for IgG and IgM titers and for 6 mice per time point from two trills lor HAl 
liters. Log, (liter) - 1,6 ts tbe tower tonic of HAl assay sensitivity. 



were mixed with irradiated syngeneic feeder spleen cells (5 x 10 s ) in quadru. 
plicate 150-ui cultures. FttOer cells were either unpuUed, infeetod with influenza 
virus A/NT/Wtt as fur CTL lealimulauon, or mixed with rAylohemaggfubiun 
(PHA) ai a final concentration of 10 *i/raJ (Sigma). Tbe response to PKA gave 
an rndicnb'on of the total number of potco dally responsfve cells; 10 p{/ml elicits 
an Optimal milogenic response in this wsay system. Culture conditions were as 
for CTL reirimulatton (above) except that 1% naive homologous mouse serum 
was used in piece of 10% PCS. After 3 days, I u.C Of pH)thymidine (Aacrsham 
International) wns added to each well, and the cells were harvested (Or acinlsV 
labon counting of incorporated label 18 b later. 

linmunuhisteesKmislry. Brains were dissected free of the cranium and outer 
meninges and quiekjy (row in liquid nitrogen. Cryosmt sections (7 to 10 |un) 
were air dried and Axed in acetone for 10 min before staining. Ail subsequent 
Steps were carried out at rooro tempers imre. The sections were preincubated in 
10% goat serum and incubaied for 1 b with an amMflluenza vims ribonudeo- 
proteln rabbit serum (20), kindly provided by C Schouiasek (Deoartmewt Of 
Virology, Justus Uebig Univeriiry, Oiassnd, Germany). An HKP-con/ugaled 
goat anii*fabbil SCruro (Vector Laboratories Peterborough, United fCw*dom) 
was used SS tbe secondary antibody. The sections were washed three times in 
pbosphaie-buferod saline with 1* PCS after each incubation. Endogenous 
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Intranasal vinlrlcuUr parenchymal naive 



routa of Immunisation 

HO- 2. Probfcri trvc response- of «lll torn the driintnj lymph noda 10 diyi 
liter iMrmsuaJ, parenchymal, or veniricular virus Inonil«xiO«i Deep ethical 
lymph nodes were liken fVQrt ttic* p*zu jwcrchymal end vcucricular virus, 
mcdiisboal lymph nodes were taken (rem mice given i*tt«ea$*l vims, and both 
ieu of lyrtph note (pooled) were utktd &e* wrive mice, Cctta were pooled 
from ppin of mice. «nd each twn shows the mem and standard error oC three 
pun. 



p*fOrid**c activity was block** with Q.3% hydrogen peroxide is fiethaaol ttm 
l&cuhstioa with (be primary antibody. Diat*inob«aa4uifl (Sigma) wmi uted ai the 
HRP substrate, scccJcmu were co«atarii»iocd with bcmaiOKylin (Sgraa), end 
thdet were moueied with DPX (Merck Lid., Poole, United Kingdom). 

RESULTS 

Early antibody response to virus in different sites. Mice 
were infected with 5 HAU of influenza virus A/NT/60/68 in 
either the left lateral cerebral ventricle (CSF), the left anterior 
caudoputamen (brain parenchyma), or the lung. The elftcacy of 
immune priming by each route was determined over the fol- 
lowing 10 days by ELISA measurement of total antiviral IgG 
and IgM and HAl assay of neutralizing antiviral antibody (Fig. 
iy Ten days after intranasal or ventricular A/NT/6Q/68 infec- 
tion, virus-specific IgG was delectable at a serum dilution of 
1/1 0 s ; 10 days after parenchymal infection, virus-specific igO 
was undetectable at a serum dilution of 1/1 

Early cellular response to virus in different sites. The pres- 
ence of a virus-specific immune response in the draining lymph 
nodes was determined 10 days after inoculation by prolifera- 
tion assay. Virus-specific proliferation was evident with intra- 
nasal or ventricular but not with parenchymal virus infections, 
despite equivalent responses to PHA stimulation (Fig. 2). The 
high spontaneous proliferation rates seen with mice given in- 
tranasal or ventricular virus were probably due to the contin- 
ued division of cells activated in vivo and to the presence in the 
respond er population of cells presenting viral antigens ac- 
quired in vivo. This proliferation provided a further indication 
of immune activation. 

The same mice were tested for the presence of primed CTL 
precusors 10 days after virus inoculation by restimulating 
spleen cells in vitro with A/NT/60/6SMnfected feeder cells prior 
to cytotoxicity assay (Rg. 3). These results again correlated 
with the serum antibody titers; virus-specific CTL were primed 
by intranasal or ventricular infections but not by parenchymal 
infection* Virus-specific CTL precursors were also detected in 
tbe deep cervical lymph nodes of mice given ventricular but not 
parenchymal A/NT/60/68 (not shown). In six separate trials, 
there was a consistent agreement berween the different irnrau-. 



nological parameters; intranasal or ventricular virus always 
induced specific andbody in the serum, a proliferative response 
in the lymph nodes, and CTL precursors in the spleen, whereas 
parenchymal virus failed to induce a response by any o/ these 
criteria. 

Timing or tht Immune response to ventricular virus infer* 
tion. Although ventricular virus infection did not elicit a 
greater antibody response than intranasal infection, specific 
serum IgG and IgM were both detectable sooner after virus 
inoculation into the CSF (Ftg. 1). The antiviral antibody re- 
sponse to ventricular influenza virus infection exceeded that to 
intranasal infection at day 3 (P < 0.0001 for IgM) and day 5 
(P < 0.001 for IgM and P < 0.001 for IgG) after virus inocu* 
lation. 

To determine whether the sensitization of antigen-specific 
cells in the draining lymph nodes was also more rapid after 
infection in the CSF, the proliferative responses to ventricular 
and intranasal virus infections were followed with time after 
inoculation (Fig. 4), Tht response to ventricular virus reached 
high levels by day 3, 2 days earlier than the response to intra* 
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FIG. 3. Cytotoxic activity ot reiUmuUied spleen cells ID days arief ifttraaisai 
partachymal, or ventricular viruj inoculation. Spleen cells pooled bom pairs ot 
mice were rciomulatcd in vitro ai dweribed ha Material* and Melbodft before 
tcaiingofcyioioiddty against EL-i {H-T) target cells. Meaos and naodird erron 
ol three piin of slice are shown in etch case. ASNENMDAM Is toe /VOD*. 
reitrtfced nqowncdotsinanl influenza virus A/MT/60/65 nitflaoprtHein epitope. 
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PIG. 4. Turn court* Of prOlifertlivt f«ponj*l from the draining lymph 
nodes iftef Intranasal or ventricular vinu inoculation. Mnni art tundvd 
err on of three trills ire thwi. each tnti intfudiaj cell* pooltd Jrcwn ■ pair of 
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pocmliOc with unptibed feeder* in these trvAJ* did not txceed 1.000 cpm li diyi 
1 to 3. 5 £00 com il (by* 5 k> 7, or lC.OOG cpm it day 10. The nepenst to PHA 
providod h indicator of the total number of pOtwtfllly rwpoamvt ceHs in the 
may rejanficaj oi aotifen specificity For oay 1 ventricular and day J to 3 
Intranasal immunizations, die proilreriiJve response with A^NT/6CV6<J -iu f cOcd 
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eot considered io to Si|niflciOL The inrt-influcnzi virus response after porea- 
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nasal virus, corresponding 10 the earlier onset of serum anti- 
body production after ventricular virus inoculation. Primed 
virus-specific splenic CTL precursors, however, were detect- 
able at the same time alter ventricular or intranasal immuni- 
zations (Fig. 5). 

Latt Immune response to intracerebral virus. Immunohu- 
toctonistry showed that there was widespread infection of the 
ependymal cells 1 day after venrrtcular virus Inoculadon, but 
after 10 days, considerable destruction of the ependymal cells 
had taken place and antiviral staining was minimal (Fig. 6), 
Virus-infected cells were visible at both 1 and 10 days after 
parenchymal virus inoculation (Fig. 6) but not in either site 
after \ month, when the viral nucleoprotein gene was also 
undetectable by PCR ampliiiearion from total brain cDMA 
(not shown). Since the nonreplicaung virus was apparently lost 
from the brain by 1 month after inoculation, virus-specific 
scrum antibody was measured by ELISA over 3 months to 
detect delayed immune responses. Spleen cells from the same 
mice were restimulated in vitro 3 months after inoculation to 
detect late CTL priming (Fig. 7). In 7 of 13 (54%) mice given 
parenchymal virus, there was no detectable antibody at any 
time. In the remaining 6 (46%) of the 13 mice no antibody was 
detectable after 10 days but low levels were found from 1 to 3 
months typically maximal at 1 month followed by a slow de» 
cline. The presence of primed CTL precursors in the spleen 3 
months after parenchymal virus inoculation correlated with the 
presence of specific serum IgG; mice either had low levels of 
both or were negative for both. No mice given parenchymal 
virus had detectable anti-A/NT/60/68 HAI antibody at any 
time (not shown). 



virus-specific antibody in the CSF. Ventricular infection 
with influenza virus A/NT/60/68, M with large-volume intrace- 
rebral inoculations of other viruses (8, 10), led to a local pro- 
duction of virus-specific immunoglobulin in the CSF (Table 1). 
Low levels of A/NT/6(V68- specific IgG were present in the CSF 
10 days after both ventricular and intranasal immunizations, 
with similar CSF/serum specific IgO ratios, suggesting that the 
IgG in the CSF was largely derived from that in the serum. But 
whereas mice given intranasal vims had moderate serum an- 
tiviral IgA levels and undetectable CSF levels, mice given ven- 
tricular virus had low serum antiviral IgA levels and high CSF 
levels, consistent with a local synthesis of viruvspedfic IgA in 
the CSF. Serum antiviral IgA reached higher levels 90 days 
after ventricular virus inoculation, accompanied by some dim- 
inution in CSF levels. Antiviral IgG or IgA was not detected in 
the CSF of mice given parenchymal A/NT/60/6S at any time, 

DISCUSSION 

Viral immunogenicir/ in the CSF and the brain paren- 
chyma. Large-volume (5- or 30-^1) vims inoculations into the 
brain parenchyma elicited antibody, proliferation, end cytotc*« 
idty responses equivalent to those elicited by ventricular inoc- 
ulations (not shown), consistent with a leakage of virus from 
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fid. 6. Inrrinerabral vinu infection 1 i»d 10 days after ptr»ocbym*J or 
ventnaiJir virtu motubtion. Anu-Jr. fluent* virul ribonudtoprotflto naming i| 
ibowA. dihti 1 day (A and Q or tO daji (B and D) after teocplttion of 5 HAU 
0/ VNT/60/6« vinu into either ike laterior ceudopulamcn (A and B) or the 
lateral cerebral ventricle (C ud D). Arrows indicate' example of infected ceJIi. 
After pjuencrrymil vinu ioocu baton, infected Intreetrebrtl cetli wtrt seen tiler 
both I day (A) snfl 10 dayi (B). After ventricular vinu inoculiuc*, *l«nO#l all tbe 



epehdymal celli had been infected iftcf 1 d*y (Q, but iflct 10 days, (be vtfut- 
infeeud epcfldymal linky had largely disappeared. The bar In panel D repre* 
lean 500 for eat* pMcJ 



the parenchyma into the CSF. Small-volume (0\5-lU) viius 
inoculations remained confined to the site of inoculation and 
showed a Clear difference in immunogenic! ty between the lat- 
eral cerebral ventricle, where infection primed the immune 
system to a degree comparable with intranasal immunization, 
and the brain parenchyma, where infection led only to incon- 
aisunt, delayed, low-level responaci. Apart from the relative 
rapidity of the response to ventricular virus infection, there 
were surprisingly few differences between the immune re- 
sponses to virus in the CSF and to virus in the lung. The local 
intracerebral immunoglobulin response to influenza vims in- 
fection involved IgA production in the CSF (Table 1), analo- 
gous to the mucosal IgA response seen with intranasal virus 
infection (13). 

The fate of influenza vims antigens in the CSF. The deep 
cervical lymph nodes are the main site or an immune response 
to antigens in the intracranial CSF (11, 15). Although antigens 
injected intracerebral^ have also been associated with immune 
responses being initiated in the spleen (26, 28), without the use 
of small-volume and hence low-pressure injections, direct leak- 
age into the bloodstream by nonphysiological routes cannot be 
ruled out (4-, 16). Small-volume inoculations of influenza virus 



A/NT/60/68 into the CSF led first to the sensitization of vims- 
specinc cells in the draining lymph nodes (Fig 4) and then to 
the appearance of virus-specific antibody in the serum (Fig. 1) 
and CTL precursors in the spleen (Fig. 5). This was Consistent 
with a primary role for the cervical lymph nodes in the immune 
response. As with Sindbls virus encephalitis (26), synthesis of 
vu us- specific antibody in the CSF was a relatively taie event; 
A/hrr/6XV68-specific antibody was not detectable in tbe CSF 7 
days after ventricular virus inoculation (not shown), when spe- 
cific antibody was abundant in the serum (Fig. 1). 
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FIG. 1 Uie immune response after pmnchymil or ventricular virus inoc- 
ulation The upper diagram snows A/NT/6CV6s-ipcdflc jorum igG responses 
over 3 month* following virtu inoculation, wtdi nuai and itandard errors of set 
u> seven mice per arm pooled from two trials The mux py*t> pirtacaymaJ vires 
ire shown at two Kparate group*, laose which developed hue antibody and ihoae 
which did not The lower dupam iho«f the cytoieaJc activity of >plc» from 
the mice in oae repreaenUUve trial, reslimulited in vitro with MfTfWto- 
infeaod iyogen*ic iplecn cclU 3 month! a/ier intracerebral virus inoculation. Net 
% specific tysai * % ipcdftc lysis of indicated target - « ipedfic ly*U of EL** 
cells alone. The specif* rysii of EL-A cells aloe* did act exceed 15%. Spb«n calk 
from each mouse **re reitimulated and tested separately; meant and slaadord 
errors oi three mka io each arm are show*. 
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TABLE 1. Comparison of serum and CSF A/NT760/6&-apeafic antibody titers at 10 and 90 day* after virua inoculation 

Ttlei' 



Route 
imnnznizstioA 


Source of 
andbody 








Day 10 


Day 90 


Day 10 


Day 90 


Ventricular 


SoiUtfl 


332 ± 0.08 


3.47 S 0.15 


0.68 =. ai4 


2.69 = 0.10 




CSF 


1.49 ± 0.22 


1.91 ± 0.08 


2.63 S 0.19 


Ltt = 0.19 


Intranasal 


Scrum 


3-08 ± aw 


ND 


1.96 z 0.13 


ND 




CSF 


1.41*0-26 


ND 


0.00=0.00 


ND 


Parenchymal 


Scrum 


0.00 ± 0.00 


0.48 ± 0.23 


0.00 r 0.00 


0.O7 = 0.07 


CS? 


0.00 ± 0-00 


0.00 s 0.00 


0.00 = aoo 


0.00 = 0.00 



• Mean - su&dartf error log^ ifttk^/NT/60/68 antibody tttor from 12 to 1$ mice. For each route of inrniuniiaana, tto earn* roke were aaed far icnuo tad CSF then. 
Tne multi for day 90 part nefayrael leocultiion wero pooled (rem all rech mice, the majority of which had no detectable antiviral antibody. ND, not done. 



However, wc were usable to demonstrate directly viral an- 
tigens in the deep cervical lymph nodes after inoculation into 
the CSF. The viral nucleoprotein gene was undetectable by 
PCR amplification from cervical lymph node cDNA 1 to 3 day* 
after ventricular virus inoculation, despite being readily ampli- 
fied from whole brain cDNA at the same time (not shown). 
Immunohistochemistry also failed to detect the viral nucleo- 
protein in the deep cervical lymph nodes (not shown), despite 
its presence in the brain (Fig. 6). These negative results sug- 
gested that the antigen reaching the draining lymph nodes 
either was only a small proportion of the initial inoculum or 
was present in a different form to the infected cells in the brain. 
Indirect evidence of immunogenic viral antigens reaching the 
draining lymph nodes soon after ventricular inoculation was 
provided by the antiviral proliferative responses (Fig. 4). 

The more rapid response to ventricular than to intranasal 
virus infection was probably due to viral antigens reaching the 
draining lymphatics directly from CSF (2), whereas intranasal 
influenza virus first had to cross the respiratory. epithelium. A 
direct entry into lymphatics, avoiding degradation by tissue 
macrophages and proteases, could also explain the increased 
intracerebral immunogenidty of a variety of inert antigens 
(9, 11, 17, 18, 26). An exact quantitative comparison between 
intranasal and intracerebral virus infections was not possible, 
since influenza virus A/NT/60/63 replicated productively in the 
mouse lung (not shown) but not in the mouse brain (21). 

After ventricular or larger-volume virus inoculations, Influ- 
enza virus-ipecific proliferation was frequently seen (six of 
nine pairs of mice tested) with cells from the abdominal para- 
aortic lymph nodes and less of ton (two of nine pairs of mice 
tested) with cells from the mediastinal lymph nodes (not 
shown). These responses were never present without a re- 
sponse in the deep cervical lymph nodes and suggested that 
virus in the lateral cerebral ventricle may also be carried by 
CSF flow to more caudal sites with separate lymphatic drain- 
age pathway*. 

Ttie fat* or influenza virus antigens in the brain paren- 
chyma. The simplest interpretation ol the lack of response to 
parenchymal virus infection was that antigens failed to reach 
the draining lymph nodes. Protein antigens drain efficiently 
from the brain parenchyma to the cervical lymph nodes (6) 
and initiate immune responses (9), Influenza virions, however, 
bind to the abundant sialic acid on cell surfaces and were 
probably endocytoscd before leaving the extracellular spaces 
of the brain parenchyma. Without virus-infected dendritic cells 
reaching the lymph nodes, the intracellular viral antigens re- 
mained immunologically unseen. 

The late low-grade immune responses to parenchymal influ- 
enza virus may have resulted from the eventual breakdown of 
infected cells (when virus was no longer detectable by immu- 



nobi5tochemistry), with viral protein debris being released Into 
the extracellular spaces. Since a late immune response was 
detected in fewer than half of the mice tested, such debris may 
often have been degraded before leaving the brain. Neverthe- 
less, persistent immune evasion by intraccrebraj viruses, 
whether natural pathogens Or used as vehicles for gene ther- 
apy* probably depends upon the infected cells not undergoing 
apoptosis. 

Implications for Intracerebral rims infection. Although vi- 
ruses often replicate in extracerebral sites before reaching the 
brain, congenital transmission, infection of circulating lympho- 
cytes, and retrograde transport along peripheral neurons are 
all ways by which viruses may reach the brain without first 
initiating an immune response These viruses could then re- 
main in the brain parenchyma without priming the immune 
system. In addition, viruses are able to vary their gene expres- 
sion according to the cell type infected, and viral proteins 
expressed specifically in the brain would be unrecognized by 
the immune system. When immune privilege does contribute 
to viral persistence, specific extracerebral immune priming 
might be one way of eliminating infection from the central 
nervous system. 
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Viral vectors, tools for gene transfer in the i 
system. 

Hermens WT, Verhaagen J. 

Graduate School Neurosciences Amsterdam, Netherlam ' 
Institute for Brain Research. 

Viral vectors are becoming increasingly important tools 
investigate the function of neural proteins and to explo 
feasibility of gene therapy to treat diseases of the nerv 
system. This gene transfer technology is based on the 
virus as a gene delivery vehicle, In contrast to function 
analysis of gene products in transgenic mouse, viral ve 
be applied to transfer genes to somatic, post-mitotic c€ 
developed animals. To date, five viral vector systems a 
available for gene transfer in the nervous system. Thes 
recombinant and defective herpes viral vectors, adeno\ 
vectors, adeno-associated viral vectors and lentiviral v< 
these vectors herpes and adenoviral vectors are the m< 
common in use. To date, one of the main hurdles in ap 
these two vector systems is the focal immune response 
occurs following intraparenchymal infusion. Despite thfc 
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limitation, herpes and adenoviral vectors have been us- 
successfully to modify the physiological response to inj 
several rodent models of neurodegeneration. The first | 
this review is to describe the principles of the generatic 
vectors and to discuss the advantages and disadvantac. 
viral vector systems currently in use for gene transfer I 
nervous system. Secondly, we give an overview of the 
performance of these vectors following direct infusion i 
nervous system and review the results obtained with tr 
vectors in animal models of neurodegeneration and 
regeneration. The results of these Initial studies have p 
framework for future experiments based on gene trans 
strategies with viral vectors to study normal physiology 
pathology of the nervoussystem. 
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